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(54) A high power, plasma-based, reactive species generator 

(57) A plasma-based generator (10) for use with a 
power source including a plasma tube (12) having a hol- 
low tube bod/ in which a plasma is generated by the 
power source; a first support structure (30, 32) support- 
ing a downstream end of the plasma tube (12); and a 
second support structure (60, 70) holding an upstream 
end of the plasma tube (12), the second support struc- 
ture (60, 70) connected to the first support structure (30, 
32), the second support structure (60, 70) including an 
expansion joint (70) which changes its length to accom- 
modate a lengthening and a shortening of the plasma 
tube (12) due to its thermal expansion and contraction 
when plasma processing is performed within the 
plasma tube (12). 
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Description 


Summary of the Invention 


Background of the Invention 

The invention relates to plasma-based, remote s 
excitation sources for use with processing chambers, 
e.g. plasma processing chambers. 

Plasma-based, remote excitation sources or reac- 
tive species generators must often be able to handle 
~high~inpurpowers~and^ithslan^ fo 
combined with a highly reactive chemical environment 
For example, in a common application of a reactive spe- 
cies generator, NF 3 gas flows into the generator and is 
broken down by the plasma. The resulting activated 
species flows out of the generator and into the semicon- is 
ductor processing equipment where it is used for in-situ 
chamber cleaning, etching, photo resist stripping, or arty 
of a number of other tasks. As an example of using the 
reactive species for in-situ chamber cleaning refer to 
U.S.S.N. 08/278,605, entitled "A Deposition Chamber zo 
Cleaning Technique Using a Remote Excitation Source" 
filed on July 21 , 1994, and incorporated herein by refer- 
ence. 

The extremely hostile environment to which such 
equipment is exposed can disable the plasma-based ss 
generator very quickly. For example, some generators 
that are commercially available use quartz tubes to con- 
tain the activated species. In those systems, the fluorine 
that is produced etches the tube quite quickly. Moreo- 
ver, at high power levels (e.g. above 1 or 1.5 kW) the 30 
quartz will tend to break down. Thus, after using the 
generator only a few times or for a sustained period of 
operation, the wall of the tube will become so thin that it 
will soon collapse under continued exposure to the high 
temperatures and the vacuums that prevail in such sys- 35 
terns. Thus, very early in the life of the tube, it must be 
discarded and replaced with a new tube. Both the incon- 
venience and cost of having to repeatedly replace the 
quartz tube can be quite high. 

Some existing plasma-based generators use <to 
ceramic tubes in place of the quartz tubes. Ceramic 
tubes are capable of holding up better than the quartz 
tubes in the chemically corrosive environments often 
encountered. But ceramic tubes are not a panacea. 
They typically have a relatively high thermal expansion 45 
coefficient as compared to quartz and other materials. 
Thus, repeated cycling between room temperature and 
the high processing temperatures that commonly occur 
in these systems produces large stresses within the 
ceramic tubes. These stresses eventually result in the so 
tubes cracking and failing. 

Unfortunately, the plasma tubes are not the only 
components that fail. Seals and O-rings which aid in 
maintaining a vacuum within the plasma tube also rap- 
idly deteriorate and eventually fail when exposed to the 55 
high temperatures produced in such systems. 


In general, in one aspect, the invention is a plasma- 
based generator for use with a power source. The 
plasma-based generator includes a plasma tube having 
a hollow tube body in which a plasma is generated by 
the power source, a first support structure supporting 
the downstream end of the plasma tube; and a second 
support structure holding the upstream end of the 
^lasma^tubeTTrie^econd support structure is con- 
nected to the first support structure, and it includes an 
expansion joint which changes its length to accommo- 
date a lengthening and a shortening of the plasma tube 
due to its thermal expansion and contraction when 
plasma processing is performed within the plasma tube. 

In general, in another aspect, the plasma-based 
generator includes a housing; and a plasma tube sup- 
ported in the housing. The plasma tube has a hollow 
body which has an upstream end and a downstream 
end. During operation, a gas flows into the plasma tube 
through the upstream end and exits through the down- 
stream end after being activated by a plasma generated 
therein by a power source. The plasma tube also 
includes a flange located at its downstream end. The 
housing includes a retaining structure retaining the 
downstream end of the plasma tube by grasping the 
flange of the plasma tube. 

In general, in still another aspect, the plasma-based 
generator includes a plasma tube in which a plasma is 
generated by a power source; a first support structure 
supporting a downstream end of the plasma tube; and a 
second support structure supporting an upstream end 
of the plasma tube. The second support structure sur- 
rounds the outside of said plasma tube so as to form a 
cavity around the plasma tube. The support structure 
includes an inlet port through which a coolant is intro- 
duced into the cavity and an outlet port out of which the 
coolant flows after passing through the cavity. The 
plasma tube acts as an inner wall of the cavity so that 
the coolant comes into direct contact with the plasma 
tube when introduced into the cavity. 

Preferred embodiments include the following fea- 
tures. The expansion joint is a bellows having a central 
bore through which the plasma tube passes. The inlet 
port is located closer to the downstream end of the 
plasma tube than is the outlet port. The plasma tube 
and the outer tube are cylindrically shaped and they are 
concentrically positioned with respect to each other and 
with resect to a common axis so as to form a cylindri- 
cally shaped flow region surrounding the plasma tube. 
The expansion joint is located between the outer tube 
and the upstream end of the plasma tube. The plasma 
tube is made of a dielectric material that is transparent 
to microwave energy, e.g. a material selected from a 
group of materials consisting of sapphire, alumina, alu- 
minum nitride and quartz. The outer tube is also made 

rvf a HialAf+rif* malarial fhafr «e 4raner\Qrant +/\ r*slr*r+**a***\r~> 
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als consisting of quartz, sapphire, alumina, Teflon, plas- 
tic, and polystyrene. 

Also in preferred embodiments, the first support 
structure includes a base plate and the second support 
structure includes a collar member. The flange is 
located between and grasped by the collar member and 
the base plate. The plasma-based generator also 
includes a first gasket circumscribing the downstream 
end of the plasma tube and compressed between the 
—flange and the base plate to form a vacuum seairTrie^ 
first gasket is located out on the flange away from the 
hollow body of the plasma tube so as to protect it from 
high temperature conditions which occur at the down- 
stream end of the hollow body during plasma process- 
ing with the plasma tube. The plasma-based generator 
also includes a second gasket around the plasma tube 
and compressed between the flange and the collar 
member. The second gasket is also located out on the 
flange away from the hollow body of the plasma tube so 
as to protect it from high temperature conditions which 
occur at the downstream end of the hollow body during 
plasma processing with plasma tube. The first and sec- 
ond gaskets are O-rings. 

The plasma-based generator of the invention is 
generally usable in any application where a remote exci- 
tation source might be required. 

One advantage of the invention is that the parts 
which might be vulnerable to high temperatures, such 
as the O-rings used for vacuum seals, are isolated from 
exposure to the high temperatures that typically exist in 
such systems. Thus, those parts are less prone to dete- 
riorating and failing during continued use. In addition, 
the liquid cooling that is provided keeps the plasma tube 
and other components at cooler operating temperatures 
as compared to other conventionally designed plasma- 
based excitation source. Also, the use of an expansion 
joint (e.g. a bellows) allows the plasma tube to easily 
expand and contract in a longitudinal direction. Thus the 
thermal expansion and contraction does not result in 
high stresses that would typically lead to damaging or 
cracking of the plasma tube. 

Other advantages and features will become appar- 
ent from the following description of the preferred 
embodiment and from the claims. 

Brief Description of the Drawings 


Description of the Preferred Embodiments 

Referring to Fig. 1 , a reactive species generator 10 
constructed in accordance with the invention is a gener- 
ally cylindrical unit that includes a plasma tube 1 2 that is 
contained within a larger outer tube 14. Gas passes 
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Fig. 1 shows a cross sectional view of the reactive 
species generator; and 

Fig. 2 is a block diagram of a plasma processing so 
system including a remote, plasma-based, reactive 
species generator. 


55 


through a central bore 16 in plasma tube 12 and is bro- 
ken down by a plasma that is induced by a power 
source (not shown). Plasma tube is made of a material 
that is generally transparent to the microwaves and 
which has a high chemical stability when exposed to the 
reactive plasma (e.g. sapphire, alumina, or aluminum 
nitride). 

Outer tube 14, which is made of a dielectric mate- 
rial that transmits microwaves, functions both as a cool- 
ing jacket around plasma tube 12 and as a window 
through which microwave energy is transmitted into 
plasma tube 12 to generate a plasma therein. A micro- 
wave cavity 18 surrounds outer tube 14. The dimen- 
sions of cavity 1 8 are selected so that when microwaves 
energy is fed into the cavity a standing wave is produced 
having a maximum signal value located at the center of 
the plasma tube, where a plasma is generated. 

Outer tube 14 and plasma tube 12 are concentri- 
cally arranged about a common axis 20 so as to form 
therebetween a cylindrical flow region 22 surrounding 
plasma tube 12. During operation, a pump (not shown) 
flows a coolant (e.g. water) through this cylindrical flow 
region to cool the outer wall of plasma tube 12. 

At a downstream end 26, plasma tube 12 has a 
flange 28 that extends away from the rest of the tube 
body. Range 28 is secured between a base plate 30 
and a collar ring 32. Base plate 30 has a circular open- 
ing that is aligned with and is larger than the inside bore 
of plasma tube 12, and collar ring 32 has a central bore 
36 having a diameter that is slightly larger than the outer 
diameter of outer tube 14. Base plate 30 and collar ring 
32 have flanges 38 and 40, respectively, each with a 
regularly spaced array of bolt holes. Bolts 42 passing 
through the bolt holes, hold collar ring 32 and base plate 
30 together with flange 28 secured between them. O- 
rings 50 and 52 on either side of flange 28 form seals 
when collar ring 32 is tightened down onto base plate 
30. Both O-rings 50 and 52 are significantly larger in 
diameter than the body of plasma tube 12 and they are 
concentrically positioned on flange 28 with respect to 
plasma tube 12 and axis 20 so that they form seals out 
on flange 28 and away from the high temperatures that 
occur at the body of plasma tube 12. 0-ring 50, which is 
compressed between the upper surface of flange 28 
and collar ring 32, forms a water tight seal for the cool- 
ing system which will be described shortly. O-ring 52, 
which is compressed between the bottom surface of 
flange 28 and base plate 30, forms a vacuum seal for 
the inside of plasma tube 12. 

Outer tube 14 extends down into 36 central bore of 
collar ring 32 with an O-ring 56 forming a seal between 
the two. 

A cylindrical^ shaped top member 60 with a gas 
inlet port 62 fits over the upstream end of plasma tube 
12. Top member 60 has a cylindrical cavity 64 which has 
an inside diameter that is slightly larger than the outside 

Hiamoior nf nlaem? 4iiKa ****** *U .u _ - 
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into it. A bellows assembly 70. which connects top 
member 60 to the top end of outer tube 14, includes a 
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stainless steel bellows 72 with an upper ring 74 bonded 
to one of its ends and a lower ring 76 bonded to the 
other of its ends. Upper ring 72 possesses an inner bore 
82 having the same diameter as the cylindrical cavity 64 
in top member 60. Bolts 78 attach upper ring 74 to top 
member 60, and an O-ring 80 compressed between the 
outside of plasma tube 12 and top member 60 forms a 
vacuum seal for the upstream end of the plasma tube. 

Lower ring 76 of bellows assembly 70 possesses 
an Tinner bore T86 having a diameter ~thaTis~slignTly r larger 
than the outside diameter of outer tube 14. Lower ring 
76 abuts the top of microwave cavity 18 and outer tube 
14 extends ip through microwave cavity 18 into inner 
bore 86. An O-ring 88 compressed between the outside 
of outer tube 14 and lower ring 76 just above microwave 
cavity 14 forms a water tight seal between outer tube 1 4 
and bellows assembly 70. 

An inlet port 90 passing in a radial direction through 
collar ring 32 and into central bore 36 provides a pas- 
sage through which coolant is introduced into the 
assembly during operation. The coolant that flows in 
through the inlet port passes over the plasma tube, up 
through cylindrical flow region 22 surrounding plasma 
tube 12 and into the inside of bellows assembly 70 
above outer tube 14. An outlet port 92 passing in a 
radial direction through lower ring 76 of bellows assem- 
bly 70 provides a passage through which the coolant 
leaves the assembly after flowing over and cooling the 
heated plasma tube. Note that the cooling path is from 
the hot end of the plasma tube (i.e., its downstream 
end) toward its cool end (i.e., its upstream end). This 
produces more efficient cooling of the plasma tube dur- 
ing operation. 

Note that both collar ring 32 and lower ring 76 are 
connected by approriate means to the housing of micro- 
wave cavity so that they both stay fixed relative to the 
microwave cavity. In the described embodiment, screws 
(not shown) are used to establish that connection. 

During operation, when a plasma is being gener- 
ated within the plasma tube, the activated gas within the 
tube gets very hot which, in turn, makes the plasma 
tube very hot. As the plasma tube heats up. it expands 
in a longitudinal or lengthwise direction. The bellows 
which connects the upstream end of the plasma tube to 
the base plate accommodates this expansion by readily 
extending. That is, the bellows allows the plasma tube's 
lengthwise expansion to occur without hindrance so that 
no stresses are generated within the tube that might 
lead to cracking or damaging the plasma tube. 

Any of a wide variety of commonly used liquids can 
be used as a coolant assuming, of course, that its 
absorption coefficient for microwaves is not too high. If it 
is too absorptive, it may excessively attenuate the 
microwave power before it reaches the inside of the 
plasma tube. Nevertheless, even liquids that tend to be 
highly absorptive of microwaves can be used if the 

ahsorntinn nath lonnth ic maHa eiiffiriarrHv email That 

is, by making the layer of liquid separating the plasma 
tube from the outer tube sufficiently small its attenuation 


of the microwave energy can be kept to acceptable lev- 
els. 

In the described embodiment, H 2 0 is used as the 
coolant. Since H 2 0 tends to absorb microwaves, the 

s radial gap between the plasma tube and the outer tube 
is kept relatively small(e.g. between 0.1 mm to 0.5 mm, 
preferably 0.25 mm). For microwave nonabsorbing liq- 
uids like Freon or liquid dimethyl polysiloxane, the gap 
between the two tubes can be quite large, e.g. 3 mm. 
~To ln~the described embodiment, the~ Onrings are 
made of Viton or Kalrez, the latter of which is particu- 
larly suited to high temperatures. Note, however, that 
because of the flange on the plasma tube, the O-rings 
do not come into contact with the hot plasma tube and 

15 thus they are not exposed to very high temperatures. 
Consequently, other materials that are less resistant to 
high temperature conditions can also be used for the O- 
rings. 

The flange on the plasma tube can be made in sev- 

20 eralways. One way is to start with a tube of ceramic with 
a very thick wall. Then, using a lathe, most of the mate- 
rial except for the material that will be the flange is cut 
off. The advantage of this approach is that it produces a 
completely integrated tube requiring no joints between 

25 dissimilar materials that might tend to break or crack 
from thermal stresses or from thermal cycling. Indeed, 
this approach requires no joints whatsoever. The disad- 
vantage, of course, is that it can be very expensive, par- 
ticularly if done only in small quantities. Most of the 

ao ceramic material ends up on the floor as waste. 

An alternative approach is to make the tube body 
from sapphire and then attach separately fabricated 
flanges that are made of either sapphire or metal. The 
pieces can be bonded together using standard, com- 

35 monly used techniques. For example, the pieces can be 
bonded together using a metalization, e.g. brazing. In 
small quantities, this approach would certainly be less 
expensive. 

As noted above, materials other than sapphire can 

40 be used for the plasma tube. Quartz, for example, would 
be acceptable for some applications. Quartz does not 
stand-up well, however, in highly corrosive environ- 
ments at high temperatures. Thus, it is more suited for 
low to medium power applications and the generation of 

45 less corrosive activated species. 

The thickness of the plasma tube is not particularly 
critical. In the described embodiment, the tube thick- 
ness is about 2 mm. This thickness proves to be both 
economical and adequately strong. The lower thickness 

so limit is determined by the mechanical strength that is 
required which, of course also depends on the vacuum 
that will be used in the tube. The vacuum that the tube 
will be exposed to and which partly determines the 
strength requirement for the plasma tube is process 

55 dependent. Typically, it will be in a range extending from 
mTorr to up atmospheric pressures In any event the 
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too thick, an undesirably large thermal gradient will exist 
between the heated interior of the tube and its cooled 
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exterior. In fact the size of the thermal gradient will 
increase in proportion to the thickness of the tube. Since 
a thickness of about 2 mm provides sufficient strength, 
there is no significant advantage to making it thicker. 

Since the outer tube is not exposed to high temper- s 
atures, it can be made of any of a wider range of mate- 
rials than are suitable for the plasma tube. Two 
requirements are that it be sufficiently strong and that it 
transmit the excitation energy (e.g. the microwaves). 
Since the outer tube is not exposedto high pressures or id 
high vacuums, its thickness is not particularly critical. 
Materials which are suitable include quartz, sapphire, 
alumina, Teflon, plastic, and polystyrene. 

The bellows, which is made of stainless steel in the 
described embodiment, can be readily obtained from 15 
commercial sources. For example, suitable bellows can 
be obtained from Metalfab Corporation of Ormond, Flor- 
ida. The beilows is metalized (e.g. bonded) to the metal 
end pieces, i.e., the upper and lower rings. The seal at 
that bond is not particularly critical since it only needs to so 
be water tight and it need not withstand high pressures 
or high temperatures. Thus, a suitable epoxy will also 
produce an acceptable seal. 

In the described embodiment, the other metal com- 
ponents of the generator, such as the collar, the top 25 
member and the upper and lower rings, are made of 
stainless steel. 

The plasma based generator described above may 
be used in a wide variety of applications. For example, it 
can be used as a remote source of activated gas spe- 30 
cies in a plasma processing system, such as is illus- 
trated in Fig. 2. In that application, an external gas 
source 114 supplies a reactive gas to the gas inlet port 
of generator 10 through a conduit 116. Activated gas 
species that is produced in generator 10 is, in turn, sup- 35 
plied to a plasma chamber 1 10 through another conduit 
1 12 connected to the gas outlet port of generator 10. A 
pump 120 and heat exchanger (not shown) connected 
between the inlet and outlet ports of the generator's 
cooling system circulates a coolant through generator 40 
10 when the generator is being operated. A microwave 
source 122 supplies power to produce the plasma 
within the plasma tube in the generator to activate the 
gas species prior to introducing it into the main plasma 
chamber. 45 

Other components that are typically present in such 
a system include a vacuum pump for evacuating the 
plasma chamber, a power source (e.g. an RF supply or 
a DC supply) for generating a second plasma in the 
plasma chamber so 

The excited species can be transported to the 
processing chamber in any way that seems appropriate. 
As noted already, the activated species can be deliv- 
ered to the process chamber through a conduit. This 
has the advantage of allowing the generator to be con- 55 
veniently placed. Such a conduit would be made of a 
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that is being produced, e g. stainless steel, aluminum, 
ceramic, or some fluorine based material. Alternatively, 
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the outlet side of the generator can be connected 
directly into the chamber itself. 

In the described embodiment, generator 10 is typi- 
cally operated at power levels of 1 to 1.5 kWatts and 
above and pressures in the plasma tube are in the 10 
Torr range. With a water flow rate through generator 10 
of about 3 liters/min, the coolant temperature will 
increase about 20-40°C as it passes over the heated 
plasma tube. Thus, if the temperature of the water arriv- 
ing at the inlet port is about the outjettenrperature 
will be about 40-60 °C. With that flow rate, the inside 
temperature of the plasma tube will be about 200 °C. 

Though the power delivery system in the described 
embodiment was a microwave source, it need not be. 
Indeed, the plasma within the generator can be pro- 
duced by any of many know mechanisms for generating 
plasmas. For example, an RF power source could be 
used, in which case one might wish to wind-an induct- 
ance coil around the outside of the plasma tube and 
within the cylindrical flow region. In that case, the com- 
position of the outer tube becomes less critical because 
energy is not being transmitted through it into the 
plasma tube. 

Still other embodiments are within the following 
claims. For example, the bellows need not be placed 
where it is shown in Fig. 1. It can be located anywhere 
within the generator where it will serve to permit the 
plasma tube to expand freely in its longitudinal direction 
when heated by the hot plasma. For example, it could 
be incorporated into the plasma tube itself, upstream of 
the plasma where it will not be exposed to the high tem- 
perature or corrosive conditions. In that case, it would 
simply be brazed to the sapphire of the plasma tube. Or 
it could be incorporated into the collar ring near the 
downstream end of the plasma tube. 

It should also be understood that both the plasma 
tube and the outer tube could have a different shape 
from that described above. For example, they could 
have an oval, a square, a rectangular, or any cross sec- 
tional shape that one might consider using in a plasma- 
based generator. 

Claims 

1. A plasma-based generator for use with a power 
source, said generator comprising: 

a plasma tube having a hollow tube body in 
which a plasma is generated by said power source, 
said plasma tube having an upstream end and a 
downstream end, wherein during operation a gas 
flows into said plasma tube through the upstream 
end and exits through the downstream end after 
being activated by a plasma generated therein by 
said power source; 

a first support structure supporting the 
downstream end of the plasma tube; and 

a ocwiiu ouf^jvn i ou u\iuii c uvsiuiiiy uic 

upstream end of said plasma tube, said second 
support structure connected to said first support 
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4. 


structure, said second support structure comprising 
an expansion joint which changes its length to 
accommodate a lengthening and a shortening of 
the plasma tube due to its thermal expansion and 
contraction when plasma processing is performed 
within said plasma tube. 

The plasma-based generator of claim 1 wherein 
said expansion joint comprises a bellows having a 


10. The plasma-based generator of claim 5 wherein the 
plasma tube is made of a dielectric material that is 
transparent to microwave energy. 

11. The plasma-based generator of claim 10 wherein 
the plasma tube is made of a material selected from 
a group of materials consisting of sapphire, alu- 
mina, aluminum nitride and quartz. 


central bore through which the plasma tube passes. 

The plasma-based generator of claim 1 wherein 
said second support structure surrounds the out- 
side of said plasma tube so as to form a cavity 
around said plasma tube, said second support 
structure including an inlet port through which a 
coolant is introduced into said cavity and an outlet 
port out of which said coolant flows after passing 
through said cavity, said plasma tube acting as an 
inner wall of said cavity so that said coolant comes 
into direct contact with said plasma tube when intro- 
duced into said cavity. 

The plasma-based generator of claim 3 wherein 
said inlet port is located closer to the downstream 
end of said plasma tube than is said outlet port. 


5. The plasma-based generator of claim 3 wherein 
said second support structure further comprises an 
outer tube having an inner bore, wherein said 
plasma tube passes through the inner bore of said 
outer tube, said outer tube defining an outer wall of 
said cavity, wherein said outer tube is made of a 
dielectric material that is transparent to microwave 
energy. 

6. The plasma-based generator of claim 5 wherein 
said plasma tube is cylindrically shaped. 

7. The plasma-based generator of claim 6 wherein 
said outer tube is cylindrically shaped, and wherein 
said plasma tube and said outer tube are concentri- 
cally positioned with respect to each other and with 
resect to a common axis so as to form a cylindri- 
cally shaped flow region surrounding said plasma 
tube, said cylindrically shaped flow region being 
part of said cavity. 

8. The plasma-based generator of claim 5 wherein 
said expansion joint is located between said outer 
tube and the upstream end of said plasma tube. 

9. The plasma-based generator of claim 8 wherein 
said expansion joint is a bellows having a central 
bore, and wherein said plasma tube passes 
through the central bore of said bellows. 


w 12. The plasma-based generator of claim 5 wherein 
said outer tube is made of a dielectric material that 
is transparent to microwave energy. 

13. The plasma-based generator of claim 12 wherein 
is the outer tube is made of a material selected from a 

group of materials consisting of quartz, sapphire, 
alumina. Teflon, plastic, and polystyrene. 

14. The plasma-based generator of claim 12 further 
20 comprising a microwave cavity surrounding said 

outer tube. 

15. The plasma-based generator of claim 1 wherein the 
plasma tube includes a flange at its downstream 

2S end. 

16. The plasma-based generator of claim 15 wherein 
said flange is located between and grasped by said 
first and second support structures. 

30 

17. The plasma-based generator of claim 15 wherein 
said first support structure comprises a base plate 
and said second support structure comprises a col- 
lar member, wherein said flange is located between 

35 and grasped by said collar member and said base 
plate. 

18. The plasma-based generator of claim 17 further 
comprising a first gasket circumscribing the down- 

40 stream end of said plasma tube and compressed 
between the flange and the base plate, said gasket 
forming a vacuum seal. 

19. The plasma-based generator of claim 18 wherein 
45 said first gasket is located out on said flange away 

from said hollow body of said plasma tube so as to 
protect it from high temperature conditions which 
occur at the downstream end of said hollow body 
during plasma processing with said plasma tube. 

50 

20. The plasma-based generator of claim 18 further 
comprising a second gasket around said plasma 
tube and compressed between the flange and said 
collar member. 

55 

21. The plasma-based generator of claim 20 wherein 
said second gasket is located cut on said flange 
away from said hollow body of said plasma tube so 
as to protect it from high temperature conditions 
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which occur at the downstream end of said hollow 
body during plasma processing with said plasma 
tube. 

22. The plasma-based generator of claim 21 wherein s 
said first and second gaskets are O-rings. 

23. A plasma-based generator for use with a power 
source, said generator comprising : 

a housing; and 10 
a plasma tube supported in said housing, 
said plasma tube having a hollow body which has 
an upstream end and a downstream end, wherein 
during operation a gas flows into said plasma tube 
through the upstream end and exits through the is 
downstream end after being activated by a plasma 
generated therein by said power source, said 
plasma tube also including a flange located at the 
downstream end of said hollow body; 

wherein said housing comprises a retaining so 
structure retaining the downstream end of said 
plasma tube by grasping the flange of the plasma 
tube. 

24. The plasma-based generator of claim 23 wherein 2s 
said housing comprises: 

a first support structure supporting the 
flange of the plasma tube; and 

a second support structure connected to 
said first support structure, said second support 30 
structure supporting the upstream end of said 
plasma tube, 

wherein said first support structure com- 
prises a base plate and said second support struc- 
ture comprises a collar member, wherein said 35 
flange is located between and grasped by said col- 
lar member and said base plate. 

25. The plasma-based generator of claim 24 further 
comprising a first gasket circumscribing the down- <to 
stream end of said plasma tube and compressed 
between the flange and the base plate, said gasket 
forming a vacuum seal. 

26. The plasma-based generator of claim 25 wherein 45 
said first gasket is located out on said flange away 
from said hollow body of said plasma tube so as to 
protect it from high temperature conditions which 
occur at the downstream end of said hollow body 
during plasma processing with said plasma tube. so 

27. The plasma-based generator of claim 26 further 
comprising a second gasket around said plasma 
tube and compressed between the flange and said 
collar member. 55 


said second gasket is located out on said flange 
away from said hollow body of said plasma tube so 


as to protect it from high temperature conditions 
which occur at the downstream end of said hollow 
body during plasma processing with said plasma 
tube. 

29. The plasma-based generator of claim 28 wherein 
said first and second gaskets are O-rings. 

30. A plasma-based generator for use with a power 
source, said generator comprising: 

a plasma tube in which a plasma is gener- 
ated by said power source; 

a first support structure supporting a down- 
stream end of the plasma tube; and 

a second support structure supporting an 
upstream end of said plasma tube, said second 
support structure surrounding the outside of said 
plasma tube so as to form a cavity around said 
plasma tube, said support structure including an 
inlet port through which a coolant is introduced into 
said cavity and an outlet port out of which said cool- 
ant flows after passing through said cavity, said 
plasma tube acting as an inner wall of said cavity so 
that said coolant comes into direct contact with said 
plasma tube when introduced into said cavity. 

31. The plasma-based generator of claim 30 wherein 
said inlet port is located closer to the downstream 
end of said plasma tube than is said outlet port. 

32. The plasma-based generator of claim 30 wherein 
said second support structure further comprises an 
outer tube having an inner bore, wherein said 
plasma tube passes through the inner bore of said 
outer tube, said outer tube defining an outer wall of 
said cavity, wherein said outer tube is made of a 
dielectric material that is transparent to microwave 
energy. 

33. The plasma-based generator of claim 32 wherein 
said plasma tube is cylindrically shaped. 

34. The plasma-based generator of claim 33 wherein 
said outer tube is cylindrically shaped, and wherein 
said plasma tube and said outer tube are concentri- 
cally positioned with respect to each other and with 
resect to a common axis so as to form a cylindri- 
cally shaped flow region surrounding said plasma 
tube, said cylindrically shaped flow region being 
part of said cavity. 

35. The plasma-based generator of claim 30 further 
comprising a pump connected between the inlet 
and outlet ports of said second support structure, 
said pump circulating said coolant through said 
cavity during operation. 

36. The plasma-based generator of claim 30 wherein 
said second support structure comprises an expan- 
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sion joint which changes its length to accommodate 
a lengthening and a shortening of the plasma tube 
due to its thermal expansion and contraction when 
plasma processing is performed within said plasma 
tube. 

37. The plasma-based generator of claim 36 wherein 
said expansion joint comprises a bellows having a 
central bore through which the plasma tube passes. 


38. The plasma-based generator of claim 30 wherein 
said plasma tube comprises a hollow body which 
has an upstream end and a downstream end, 
wherein during operation a gas flows into said 
plasma tube through the upstream end and exits is 
through the downstream end after being activated 

by a plasma generated therein by said power 
source, wherein said plasma tube further com- 
prises a flange located at the downstream end of 
said hollow body, and wherein said first support 20 
structure comprises a base plate and said second 
support structure comprises a collar member, 
wherein said flange is located between and 
grasped by said collar member and said base plate. 

25 

39. The plasma-based generator of claim 38 further 
comprising a first gasket circumscribing the down- 
stream end of said plasma tube and compressed 
between the flange and the base plate, said gasket 
forming a vacuum seal. 30 

40. The plasma-based generator of claim 39 wherein 
said first gasket is located out on said flange away 
from said hollow body of said plasma tube so as to 
protect it from high temperature conditions which 35 
occur at the downstream end of said hollow body 
during plasma processing with said plasma tube. 

41. The plasma-based generator of claim 40 further 
comprising a second gasket around said plasma *o 
tube and compressed between the flange and said 
collar member. 

42. The plasma-based generator of claim 41 wherein 
said second gasket is located out on said flange 45 
away from said hollow body of said plasma tube so 

as to protect it from high temperature conditions 
which occur at the downstream end of said hollow 
body during plasma processing with said plasma 
tube. so 

43. The plasma -based generator of claim 42 wherein 
said first and second gaskets are O-rings. 
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